Abstract. In the present study, a kinetic model of nitration between glycerol and nitric acid was developed. The presented model describes three controlling reactions model used elementary reactions consisting of three reversible reactions. The model utilizes first order reaction according to each reactant. The nitration of glycerol was modelled by fitting the kinetic model with 6 parameters, the rate constant at an average temperature and the activation energy. The reaction rate is assumed to be governed by three reactions, i.e. the formation of MNG (mononitroglycerin), the formation of DNG (dinitroglycerin) and the formation of TNG (nitroglycerin). The aim of this work is compare two models: seven controlling reactions model and three controlling reactions model. Two models have the similar trend. The three controlling reactions model gives better fit than seven controlling reactions model. The accuracy of three controlling reactions model is higher. The advantage of the seven controlling reactions model is this model can predict all products of nitration. So this model can be used at preliminary design plant. Three controlling reactions model can be used at next step, as design of reactor.
Introduction
Polyglycidyl nitrate (PGN) is an energetic polymer [1] . Energetic polymers are polymeric compounds that contain energetic functional groups, such as the azido group (-N3), nitro group (C-NO2), nitrato group (O-NO2), nitramino group (N-NO2), or the less common difluroamino group (-NF2) [2] . This polymer can be used as a binder in propellant and explosives to increase the explosive power in comparison with inert binders. Provatas [3] stated that PGN is the most energetic polymer. Willer and McGrath [4] made propellant with composition: PGN as binder of 60 -85 % b/b, ammonium nitrate as oxidiser and a little amount of aluminium and or boron as additive. Willer and McGrath [5] used magnesium as additive. Talawar et al. [2] explained that this polymer has nitrato group. It made this compound as the promising polymer. Higsmith et al. [6] proposed process for producing PGN from glycerol. This process comprise three reactions i.e. nitration, cyclization and polymerization. Reaction time of nitration is longest than the other reactions.
Basic knowledge of engineering is able to analyze and exploit fundamental reactions in production of polyglycidyl nitrate [7] . This paper focuses in nitration of glycerol. Glycerol is a by-product of the biodiesel production that need to handling immediately so as to not become the waste that polluted the environment [7] [8] . Heat of reactions of nitration has known. Gibbs energies, enthalpies and entropies also have known [9] . Gas Chromatography is instrument that mostly used for identified nitroglycerin and its Derivatives [10] [11] [12] [13] [14] [15] . Gas chromatography also can be used to quantify all product of nitration of glycerol [16] . It is necessary to study kinetic parameter of nitration.
At the previous study we proposed kinetic modelling of nitration of glycerol. The kinetic model was developed with seven reversible reactions (see Table 1 ) and namely as seven controlling reactions model. Nitration of glycerol produces five products: 1-MNG (1-mononitroglycerin), 2-MNG (2-mononitroglycerin), 1,3-DNG (1,3-dinitroglycerin), 1,2-DNG (1,2-dinitroglycerin) and TNG (trinitroglycerin) [6] . The concentration of eight compounds that consisted in nitration could be determined by analyzing the result of GC. The seven reversible reactions are [17] : Nitration of some compounds has successfully been modelled as first order with respect to each reactant [18] [19] [20] [21] . At seven controlling reactions model, the obtained experimental data were treated on the hypothesis that the rate of glycerol nitration was described by first order with respect to each reactant. For many reactions involving multiple steps and pathways, the powers in the rate laws agree with the stoichiometric coefficients indicating a simple kinetic mechanism. The equation rates of nitration are defined as: Table 2 shows in most cases the confidence intervals are small compared to the magnitude of the parameter values, except confidence intervals for cases at molar ratio of 1/1 and reaction (5) at all molar ratio. At these conditions all reactions run very slowly therefore the compositions of nitration products are nearly equal. This caused the kinetic parameters at these conditions appear to be poorly defined.
The data in Table 2 showed that concentration of 2-MNG and 1,2-DNG at the mixture of reactions are very low. The primary hydroxyl group is more reactive than secondary hydroxyl group. Previous studies [22] [23] showed that hydroxyl group at secondary position less reactive than primary position because of steric hindrance. Steric hindrance causes the transition state to be higher in energy and raise activation energy of reaction. The reaction that occurs at secondary hydroxyl group is slower than that at primary hydroxyl group. Reaction that nitrate group at first carbon atom is faster than that at secondary carbon atom. The 2 nd reaction rate that includes secondary hydroxyl group is very slow, leading to the low concentration of 2-MNG. There are three reasons for low concentration of 1,2-DNG. Firstly in the 4 th reaction, the active functional group is a secondary nitrate group which is more difficult to form. Therefore the formation of 1,2-DNG from 1-MNG was very slow. Secondly even though the reaction rate of 5 th reaction (the formation of 1,2-DNG from 2-MNG) is fast, however the concentration of 2-MNG is slow which causes low concentration of 1,2-DNG. Thirdly the reaction rate of 7 th reaction (the formation of TNG from 1,2-DNG) is fast, however the 1,2-DNG disappear very quickly forming TNG.
HYSIS-Aspen data and NIST (National Institute of Standard and Technology) considered that two pair isomers, 1,3-DNG and 1,2-DNG and 1-MNG and 2-MNG, have the same physical properties i.e. boiling point, density, critical temperature, critical pressure etc. Basic characteristic of 1,3-DNG and 1,2-DNG explained that 1,3-DNG and 1,2-DNG have slightly different properties. The NMR spectra of 1,3-DNG and 1,2-DNG is also slightly different [24] [25] . Two isomers have different physical properties but the formation of 2-MNG and 1,2-DNG are very low. The reactions that represent nitration of glycerol need to be reviewed. The model can be simplified based on the controlling mechanism. This paper assumed no distinction between two isomers (1-MNG and 2-MNG, 1,3-DNG and 1,2-DNG). The formation of 1-MNG and 2-MNG were regarded as one reaction. Therefore this paper describes kinetic modelling by reducing the reactions involving nitration. The 1 st and 2 nd reactions were merged into the equation of formation MNG. The 3 rd , 4 th and 5 th reactions were merged into the equation of formation DNG. Furthermore the 6 th and 7th reactions were merged into formation of TNG. The three controlling reactions model only considered three compounds as product of nitration, i.e. MNG, DNG and TNG. Nitration reaction proposed is a reaction in series as follows: The nitration of glycerol was modelled by fitting the kinetic model with 6 parameters, The rate constant (kref,1 -kref,3) and the activation energy (Ea,1 -Ea,3). All parameters were calculated at an average temperature, Tref, of 20 O C.
The Arrhenius equation for the forward and backward reactions was:
where ki is the rate constant and Ki the equilibrium constant at temperature T. Kazakov et al. [17] mentioned the equilibrium constants of all the reactions of nitration at different temperature and different nitric acid concentration. Experimental works also derived equilibrium constants for each experiment. The data indicates that Kazakov's constants do not fit properly. The backward reactions for each reaction were calculated using the equilibrium constants that were obtained from experiments. The parameter estimation was performed with the objective function of minimizing was the residual sums of squares of errors (SSE) for the measured concentrations of glycerol, MNG, DNG and TNG. Since steady reaction conditions were not reached immediately the first measured data point was used as a starting value when solving the differential equations describing the reactions. However, this value is also prune to measurement errors and parameters Pi was introduced to estimate the true initial condition. A least squares minimization with respect to these parameters was also introduced. ∑
The weight factor ( ) is to normalize the residual sum of squares assuming constant relative error in the concentration measurements. The lsqnonlin function with solver ode 15s in MATLAB 7.1 was used to obtain kref,i and EA,i. The relative errors of all concentrations of nitration product were calculated with this equation: ∑
Experimental Setup
The reactants used in the experiments are glycerol of ≥99% purity from Sigma-Aldrich, nitric acid (for analysis EMSURE® ACS, Reag. Ph Eur) of 69% purity from Merck and 1,2-dichloroethane (ACS reagent) of purity ≥99.0% from Sigma-Aldrich.
Experiments were carried out in a 5 cm 3 flask that was immersed in cooling bath. Glycerol with a certain weight was placed in flask and was diluted with an equal volume of 1,2-dichloroethane and cooled to reaction temperature. Cooled nitric acid was added. The flask equipped with nitrogen purge for stirring. A thermocouple monitored the temperature in the flask. Samples were taken in time intervals between 45-60 minutes, 10 samples in each experiment.
Analytical Methods
Samples were analyzed with gas chromatography (430 GC, Bruker), equipped with flame ionization detector. The column was a VF-1 ms 30m x 0.25 mm, ID DF=1 capillary column from Factor Four. The injector and detector temperature were maintained at 175 O C and 225 O C, respectively. The oven temperature was kept at 60 O C during injection, after that increase to 140 O C and stabile at that temperature.
Chromatogram were recorded by computer that used Galaxies Chromatography System version 1.9.302.952 and gave the percent mass of 1-MNG, 2-MNG, 1,3-DNG, 1,2-DNG, TNG and glycerol of each samples, respectively. A sampling procedure was developed to minimize the time between sampling and GC analysis and to be as reproducible as possible. Still the measured concentrations show large scattering.
Results and Discussion
The nitration between glycerol and nitric acid was modeled by three controlling reactions model. Figure 1 shows the comparison between the experimental data and calculated data points of the four compounds that are involved in seven controlling reactions model and three controlling reactions model. The comparison between experimental data and calculated data of all compounds indicates that calculated data adequately fit the experimental data. Seven controlling reactions model and three controlling reactions model have the similar trend. The accuracy of two models is almost the same at the process condition reviewed. Calculation of three controlling reactions model can be done easier and faster than seven controlling reactions model. Three controlling reactions model can be used for practical purposes as design of reactor. On the other hand we can identify all products which can be synthesized from nitration by seven controlling reactions model. There are 2 pairs of isomer compounds (1-MNG and 2-MNG, 1,2-DNG and 1,3-DNG) and final product, TNG as the nitration products. The concentrations of all products can be known with seven controlling reactions model; therefore this model can be used at preliminary design plant.
Experimental works were done with reaction temperature of 10 to 30 O C. The influence of temperature to the conversion of DNG can be seen in Fig. 2 . Fig. 2 . The CDNG/CG, at difference temperatures (nitric acid of 69%, molar ratio of 3/1).
An increase in temperature has tendency to increase the reaction rate. As a consequence the conversion of DNG also increases. This phenomenon can be seen in the result of estimation using both seven controlling reactions and three controlling reactions. Seven controlling reactions is suitable for hightemperature reaction while three controlling reactions is suitable for low-temperature reaction, as seen in Fig. 2 . Fig. 3 . The conversion of DNG at various mole ratio ( nitric acid of 69%, temperature of 20 C).
Experiments were carried out at molar ratio of nitric acid to glycerol 1/1 to 7/1. Figure 3 shows that increase in mole ratio will increase the concentration of nitric acid in the system. Increasing mole ratio clearly increased the Ci/CG,0 of DNG. The seven controlling reactions model is appropriate at molar ratio of 1/1 to 5/1, while the three controlling reactions model is appropriate at molar ratio of 7/1.
The relative error of two models were calculated using equation (16) , shown in Table 4 . It can be seen that the relative error value of seven controlling reactions model is higher than three controlling reactions model at all molar ratio. The accuracy of seven controlling reactions model is lower than three controlling reactions model. It does not mean that three controlling reactions model is better than seven controlling reactions model. Each model has different uses. The parameter estimation also has been done by three controlling reactions model. The resulting values of rate constants and activation energies are given in Table 5 . Estimation was done at different mole ratio of nitric acid/glycerol. Increase in mole ratio will increase the concentration of nitric acid in the system so the forward reaction rate will increase. Increase in mole ratio will increase the reaction rate constants as seen at Table 5 . This fact supports the theory of the dependence of reaction rate on the concentration of the compounds present. Rate of reaction usually depends on concentration of reactants (and sometimes of products), and usually increases as concentration of reactants increases. The highest reaction constants were obtained at molar ratio 7/1.
The resulting kinetic parameter showed that the highest rate constant is formation of DNG. This phenomenon describe that DNG is main product of nitration of glycerol. The by-products of this reaction are MNG and TNG. This is similar with the result of seven controlling reactions model. Seven controlling reactions model and three controlling reactions model that developed represent the nitration process that occurs.
Conclusions
The seven controlling reactions model and the three controlling reactions model have the similar trend. Both two models can represent the nitration process. The three controlling reactions model gives better fit than the seven controlling reactions model. Calculation of the three controlling reactions model can be done easier and faster than the seven controlling reactions model. The accuracy of the three controlling reactions model is higher. The advantage of the seven controlling reactions model is this model can predict all products of nitration. So this model can be used at preliminary design plant. The three controlling reactions model can be used at next step, as design of reactor.
